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Introduction

Deep within the atomic supercollider, the search continues for the
elusive elephantino.

A (small) community of scientists is building more and more powerful machines to
explore the intimate nature of matter and answer some of the fundamental
questions about our Universe

Particle Physics has evolved from small laboratory experiments to world-wide

enterprises lasting several years and involving several thousand people per
experiment

Not all the questions have received an answer yet.

The search is still on....
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What is the Universe made of ?
The Standard Model of particle physics

The Experimental Apparatus
The Collider
The detectors
From 540 GeV to 14 TeV in 30 years

Physics Processes and their Signatures

From Jets to W/Z to the Top quark and
Beyond

From the SppS to the Tevatron
Current status

The future is here: LHC
What to expect
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What is the Universe made of?
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electron

Everything we see is made of
molecules or chains of atoms

Atoms contain a nucleus
surrounded by electrons

In the nucleus there are
protons and neutrons

Protons and neutrons are
bound states of quarks and
gluons

When we look closer we find an
amazing world of particles and
interactions and we travel back
in time.....
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The Standard Model of Particle Physics

The Standard Model describes

the fundamental particles and ELEMENTARY
the interactions between them P ARTICLE S

like electrons are
believed to be fundamental

Hadrons are composite states

of quarks and gluons;
Baryons (three quarks like
protons and neutrons)
Mesons (a quark and one
anti-quark)

Force carriers are particles

responsible for the

interactions

Collider experiments can I II III
identify all types of particles Three Generations of Matter

Force Carriers
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Timeline of Particle Discoveries

1895 The electron is discovered, except electrons are called
cathode rays by their diczgverer.

1896 X rays and other forms of radioactivity are observed

1899 Alpha particles are discovered, and later shown to be
helium nuclei consisting of two neutrons and two
protons.

1911 Nuclear model of atom with heavy nucleus in the
middle and light electrons orbiting around it, is
proposed, and becomes accepted.

1911 Electron charge measured in an oil drop experiment
indicates that all electrons carry the same electric
charge.

1932 The neutron directly observed in an experiment for first
time.

1932 The positron, predicted by a theorist in 1928, is
discovered.

1934 Radioactive nuclei produced in the laboratory.
@he muon, a charged lepton like the electron (D
heavier and hence unstable, is discovered.
1947 Two charged pi mesons, with positive and negative
charge, are discovered.

1950 The neutral pi meson is discovered.
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1953 The lambda baryon and K meson are discovered.
< 1956 The electron neutrino, predicte)by theory in 1930, is
confirmed to exist.

1950s- Lots of baryons and mesons being discovered, and

1960s their properties occur in regular patterns that look as if
baryons and mesons are made of smaller building
blocks. Physicists exhibit a tendency to name new
particles after letters in the Greek alphabet.

1961 The muon neutrino is discovered and shown to be a
diff i from the electron neutrino..
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Timeline of Particle Discoveries

Deep inelastic scattering and other experiments reveal

more of the quark structure inside protons and other
hadrons.

1974 A fourth flavor of quark, named charm, is detected in a

newly discovered meson called the J (aka the yor Psi).

1975 The tau lepton is discovered, making a triplet of
charged leptons with the electron and muon, leading to
predictions of a tau neutrino to accompany the electron

neutrino and the muon neutrino.

1979 A fifth flavor of quark, named bottom, is detected in
the newly discovered Upsilon meson. This pattern leads
particle physicists to believe they will find a sixth and
final flavor of quark some day. This predicted last flavor

of quark is called top.

he massive gauge bosons that carry the weak nuclear
force, called the W¥,W~ and Z°, are discovered and the

Standard Model of Particle Physics is confirmed.

1989 The lifetime of the Z0 weak nuclear gauge boson is
measured, and agrees precisely with there being exactly
three kinds of neutrinos, and no more

The top quark is finally directly observed and

measured, confirming the predictions of theorists that
there are six flavors of quarks, as described in the
Standard Model.

Future The search goes on for the Higgs boson (the only
particle predicted by the Standard Model that hasn't
been seen yet), for supersymmetric particles
predicted by string theory, for proton decay and for
magnetic monopoles predicted by Grand Unified
Theories, and new Kinds of exotic unpredicted
particles is ongoing. Perhaps in a few years there will
be some more interesting entries for this page. Come
back later and see.
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The Thrill of Discovery: A Brief History of CDF

= 1985: First collisions with = 2001: Run II era begins with
partial detector essentially a new detector,

= 1987: Core detector in place. higher collisions energy and
Jet Physics more data.

= 1988-89: “Run 0” 4x the = 2004: First Run II physics
expected data, seen lots of papers published
W/Z's = 2007: trying to catch the

= 1992-1995 : “Run I” -added Higgs P
silicon detector. Top quark
discovered!

12 countries, 59 institutions
706 physicists
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The Experimental Apparatus: Fermilab
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The Experimental Apparatus: CERN
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The Accelerator Chain (Fermilab)

An electronvolt (symbol: eV) is the

At Fermilab, we start by amount of energy gained by a single
acce|erating protons in the C-W unbound electron when it falls through
(750 KeV) to the Linac and an electrostatic potential difference of

one volt. Very small amount of energy:
Booster (up to 8 GeV) 1eV = 1.602 x10719 J.

/ R AL MAIN INJECTOR
3 \ p, antip, 150 GeV

\ | RECYCLER

Some protons hit (gold) targets
to make antiprotons

TEVATRON
) premipITeV] Tz Ry
Antiprotons are stored o e YA . W
(precious!) (( : —/’/ TARGET HALL
_ N NN ANTIPROTON
Protons and antiprotons are .5 _SOURCE

sent to the main injector to be
accelerated up to 150 GeV

I _‘;I;\'.\I g BOOSTER p 8 GaV
LINAC 1 400mev

They finally get injected in the /;/ COCKCROFT-WALTON
TeVatron, which ramps up e = =

Antiproten  Proton
Direction Direction
—

the beam energy to 1 TeV

NEUTRINO .
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A small digression on Luminosity

The event rate Cf’Qn a collider is proportional to the interaction cross section o,
The factor of proportionality is called instantaneous Luminosity /_

The instantaneous luminosity depends on
the number of bunches n, and n, of particles colliding, L =fnn, /4no,0,

their frequencyf and the gaussian beam profiles o o

)4

Typical values for past, present and future colliders:

- SppS: 10%27-28 cm2s°1
- TeVatron: 1032 cm2st
- LHC: 1033-34 cm2st

1picobarn(pb) = 10-3¢ cm?
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The real important quantity is
the integrated Luminosity,
expressed in units inverse

to the cross section, pb-1, fb-1.

It tells us the number of events we

can see during the lifetime of the
experiment!
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The discovery of the IVB (CERN 1983)

Search for W bosons at UA2

Events/2 GeV

Proton-antiproton collisions at \/E = 540GeV

L
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my. = 82.1 £ 1.7 GeV
mzo = 930 + 17 GeV
Current values (Particle Data Group 2006):

my-= = 80.403 = 0.029 GeV
my0 =91.1876 + 0.0021 GeV

RUN 7433 EVENT 1001 [RUN 7434 EVENT 746 T b)
=N =
e+

-
E=39GeV||| E =45GeV

a)

~20 nb-!

Search for Z bosons at UA1

4 events!
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Proton-(Anti)proton Collisions

= Collisions:

= At high energies we go inside the protons and
antiprotons where we collide the internal quarks
and gluons

s E = mc?

= Energy and mass are equivalent. With lots of X
energy we can produce lots of particles

= 0.54 -0.63 TeV (SppS)
« 1.8 -1.96 TeV (TeVatron)

= Production ﬁ | ot
= In the collision process we can produce several — sms g
types of particles and study their properties é
= Decay €

= Some particles decay and the study of their daughters
gives us insight on the nature of the interactions
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The Detector

- events of interest are selected (trigger)

a multipurpose detector is like a large onion....

The Experiment studies interesting collisions between protons and antiprotons

- the interaction of particle and matter is used to identify the physics objects

$ Detector characteristics
=Y Width 44m

= N

-

3 | Diameter: 22m
7 | weight: 7000t

Shiekding

Simona Rolli, Tufts University

Charged particles leave
tracks in a magnetic field
(inner layer)

Most particles energies are
absorbed by calorimeters
(intermediate layers)

MIP’s interact with the the
most outside layers
(muon chambers)

Electronics to read out
each subsystem

Computers to record
and analyze data

16



Particle In a detector

3/3/10 Simona Rolli, Tufts University

17



Irackirg  Electromagnotic  Hadron Muen
chamber calorimefer  caorimeter chamoar

Tracks

o, 5 {?‘%‘( '

= Charged particles bend in the e ezt Layer. ————— P> ..Ostermost Laves
magnetic field Event : 2276742 Run : 153374 L

= Jons and e’s knocked off gas
molecules drift to the wires
giving electronic signals (drift
chambers)

= Hit patterns can be recognized
as tracks

= The higher the energy
(momentum) the straighter is
the track

= Beside momentum, tracks give
information about the collision

point
A Top Event @ CDF!
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Electrons and Photons

¢ Eloctramaonotic Hadron Muen

l'A.,‘.'ilT.O"Gl' caorimater CRAMDIr

= Electrons and Photons
get easily absorbed by
the calorimeter

Inner vost Layer. P . Outermost Lave:

(energy deposit)
= Tracking association CDF run 1147806 event 1167222 Et(e1)=44 GeV
gives the ability to 20 Et(e2)=42 GeV
identify a charged 60 Et(p1)=46 GeV
particle: the electron. |l Sy Et(p2)=26 GeV

MET=13 GeV

M(el-pl) =92 GeV/c?

M(e2-p2) = 91 GeV/c?
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Muons

= Muons can penetrate lots of
material before getting absorbed.

= Easily identified as coincidence
between tracks and hits in the
outer layer muon chambers: MIP
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Mucr

Trxking  Zlectromagnetiz  =adron
charrber

ckarmoer calcrimetar  calorimeter

. RO
muons -

£

hrermest Layer...

CMP
leta] < ~0.6

CMX Miniskirt: | | N F
/ Wedges 16-19 | —
CDF Muon System
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Neutrinos

= Neutrinos rarely interact at all.

= Since they have no charge,
there is no track associated
to them.

= They don't leave energy in
the calorimeter

= They leave the detector
undisturbed...

= The presence of the neutrino
is inferred by its absence!

= We deduce the presence of
neutrinos by calculating the
missing energy to the total
energy of the event.
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Jets

= A quark or gluon flying out of

. - . . [racking zlectromegnetic Hadron AMuon
the interaction p0|nt will _chaber _ caorimater  celarineter  chanke:
generate lots of hadrons nd p o=

- = ﬁ
moving in the same general o\ b
direction: a jet. — B

Inrermacst Layer. .. P . Outermost Layer

CDF Highest mass event
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Signatures and Physics Objects

= Physics Objects
= Tracks

Jets @ L\ D (e
Electron

= Photons “ We study physics processes
= Neutrinos .. .
MUONS organizing them by their
= M signature
> njets
sLeptons-only final states
s Detector Components .
= Tracking system - W production
= COT
= Silicon detector o
. sLeptoquarks
= Calorimeters
= TOop quark

= Muon Chambers
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QCD at Hadron Colliders

outgoing parton(s)

hadron-hadron ®

physics
proton \ ;:‘. Py

v

4

L U

SOV R 2D “ VYOOI
0‘.

anti-proton

hard process (2 or more partons)
ISR/FSR

hadronization / fragmentation

() underlying event

outgoing parton(s)

1wos

Test of the Standard Model (pQCD)
Search for new physics
Inform/check/tune Monte Carlo and theory predictions
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The tools of the trade

Hadronic jets are reconstructed using several algorithms:
Cone,Midpoint, KT etc..

Measured jet energies are corrected to scale them back to the final
state particle level jet .

Additionally there are corrections to associate the measured jet
energy to the parent parton energy, so that direct comparison to
the theory can be made.

Currently the jet energy scale is the major source of uncertainty

Heavy Flavor-jet identification is implemented ™%
-displaced vertices with L, /o cut (CDF)
-Vertex mass separation (CDF)
-combining vertex properties and displaced track info with NN (DO)

Photons are selected with stringent
isolation criteria to minimize
fragmentation effects
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Calorimeter-level jets
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\
\
\
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Parton-level jets
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\
\
Beam @‘T

Eg

Proton \Q}g

Underlying event

Bunjoes |

!

e\ Beam
3

\. Anti-
%/ Proton
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Jets

jet Collimated sprays of particles originating
from quark and gluon fragmentation

Jets measurements probes the highest

antiproton jet momentum transfer in particle
collisions
do,, = PDFs
ZaZb fa/p(xlaﬂzz?)f;)/p(xzsﬂ;)
®0A-a,b(p15p29as9 Z/ﬂfi,Qz /ﬂ12.-) Usan
Sensitive to: v 0.8

Hard Scatter
« Hard partonic scattering

« strong coupling constant

« proton’s parton content
- unique sensitivity to high-x gluon
04 CTEQ6S

 dynamics of interaction E Q=100 GeVic
- validity of approximations (NLO, LLA, ...) S

- 0CD Vvs. - 0 01 02 03 04 05 06 07 08
QCD vs. new physical phenomena x = p(parton) / p(proton)
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Inclusive Jet Cross Section

= 10" : > 10 o |y|<0.4 (x32
o 9 CDFdata(1.13m) e Ll o IOYI4<|y|<(08 zx16)
alS ek ‘ : 10°F2 i .
ol 2 10"°F [ | systematic uncertainty 8 F = 0.8<|y|<1.2 (x8)
O ik NLO pQCD 0 o 1.2<|y|<1.6 (x4)
. ’_, - ....' - 'Z:JO 3 A 1.6<|y|<2.0 (x2)
Nb -g_ 104:: ) +_._+++ Midpoint: R-0.7,fmﬂge-075 1\03 103[ A 2.0<|y|<2.4
W e 3]
-2 : .'..-.- _._—.— < " C
000 . T IvI<0.1 (x10°) TE s =1.96 Tev
10 . T=. e 0.1<]y|<0.7 (x10°) 10'F L=0.70 fb"
z ... -~ —— 2 _
10 e, I 0.7<|y|<1.1 10,3E Reone = 0.7
- e - 10°F — NLO pQCD
10'“z . 1.1<ly|<1.6 (x107) 10# [ +non-perturbative corrections
10ME 1.6<ly]<2.1 (x10°) 10°F CTEQ6.5M o=l =h
e l Ll 1 l L4 11 l L Ll l L1l l Ll 1 1 ] L1 1 l ol r 1 1 1
0 100 200 300 400 500 600 700 10° 50 60 100 200 300 400 600
Phys. Rev. D 78, 052006 (2008)  p1 (GeV/c) Phys. Rev. Lett. 101, 062001 (2008) P (GeV/c)

Measurements span over 8 order of magnitude in do?/dpdy

Highest p,et > 600 GeV/c
2 +(5 - 10)% central x-section

Jet energy calibration = 1%

2> +(10 - 25)% forward x-section
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Vector Bosons Production at CDF

profon

<
Q

antiproton

The Standard Candles

“L500F
> [ « Z>ee DATA (4242)
9400:-‘3 Z—ee MC CDF Run Il Preliminary
"2 - jL dt = 72.0 pb™
3001

2000

1001

20 50 60 70 80 90,100 110 120 130
M., (GeVic")

W+ Production

08095 T 1.

Transverse Mass - W—ev

L -1
3000 CDF Run Il Preliminary, 72pb

e 37584 W - e v Candidates
] Sum
[JW-evMC
] acp
O w-rwvmc
Zly' »>eeMC

2500,

20004

Events / 2 GeV/c?

1500

1000

500

0 — = e ;
20 40 60 80 100 120 140

A l!‘n\llnz\

o'BR(pp =W —ev)=2782= 14(stat)f§é (syst) £167(lum)pb

o-BR(pp =W — uv)=2772+ 16(stat)f23 (syst) =166(lum)pb

'

In agreement with
previous measurements
and theory prediction

6 X Br (nb)

oxBR(Z—ee) = 255.2 £3.9(stat) = 5.5 (sys) = 15.3(lum) pb
OxBR(Z—pp) = 248.9 +5.9(stat) *70 ., (sys) = 14.9(lum) pb

—> 0!

. ES
oxBr(W—lv)
]

oxBr(Z—1'T)

% CDFII (plug e)
+ CDF(630) % CDFTI (e4y1)

¢ UALGQ 4 CDFl(e)

4 UA2(e) § DOT(e)
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angle between 6
p and e-

e-

_0(cost >0)-0(cosh <0)

Ap

o(cosf > 0)+0(cosO <0)

&‘E 1E- CDF Run Il Preliminary
0.8 _[L=72pb'1
0.6
0.4f
0.2
o- L
0.2~ e Catculations
-04 E— Statistical
06 . . Total .
40 60 100 200 300 600

M.. (GeV)
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% CDF Run Il Preliminary
O]

; I L dt =72.0 pb’
S

w

-

e Z - eeDATA
o Z-ee MC

# Production properties : eventually feed
Into precision measurements (M)

|| ¥ M <3.0 : using full detector coverage

- « 2
# extract quark. lepton couplings & sin™0,

## sensitive to new physics
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Anomalous production of Z' could be seen
in the dilepton mass and cos6” distributions

(cross section enhancement)

-

Q- (o < » s < s Q< % 3 0=
Miad) {QaVi) 0758 0604 02 0 02 04 06 08 1
cos(0%)

= (a)
- ——95% C.L. Iimit

-

N L=25fb : |
&2 35¢ e Data 1

=) ——data : | | _
F" D II Y N DZ"‘; »e'e MC e
£ o [ |Drell-Yan S ] g
z aa -QOD "2 20} ’ D Dijet background E ;0
0 15) ] ?

- ol % = x1
240 3 : X
5. :':\_I_I 3 &

&

©

-

0""500 300 400 500 600 700 'a'oﬁ' 500" '1'p<uo
M, (GeV/c?)

CDF 2.5fb""
* 100 200 300 400 500 600 700 600 900 1000 E‘; : ‘o o
Mee) (GeVic) ? O %y %
5105_ -‘—.\'
Once the data spectrum is well understood in terms of SM background, from @ i \_.
MC, the acceptances for resonant states for different spin particles are 0
derived (Z’, RS Graviton) and the expected number of BSM events is '§ h: (b) L
calculated ® |~ 95% CL.limit
J . . [ Expected I|m|t :

In th'e absence of an excess ef data, 95% CL limits on production cross- 10" 05— 048 0
sections and mass of the particles are set. My (GeV/c?)
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Searches in dileptons at CDF

CDF Run 11 Preliminary (200 pb ™)
Little Higgs 10 RN l
—*— OBr(Z'> cc) limit (95% C.L.) CDF Run 11 Preliminary (200 pb ~
— GBi(Z,— ee) LOXL3 10 T : 0y (200pb )
——e—— G-Br(Z'— ee) limit (95% C.L.)
1 F G- Br(p,m— ee) LOX1.3
M, =M,
b M’=M,"- 100 GeV

Calculate the acceptances for
resonant states for 3 different
spin assumption (0,1,2)

q

(;hnicolor

6-Br(Zy— ee) (pb)
=)

NS 7

6-Br(Z’— ee) (pb)
=

2
10

2| My =400GeV
10 M, =300 Ge
SUSY S M, =200 Ge
10 . .
400 600 ) 800 10'3 L ! .
y I T p Z. mass (GeV/ic") 200 300 400 500 600
CDF Run 11 Preliminary (2@ b/ H
103 T — ! T P, ®p mass (GeV/c 2)
——e—— G Br(V— ee) limit (95%C
o NLO ¢ BriV— ee)
10 F Choudhury, Majhi angl Bfvindran E -
Nucl.Phys. Beco 2gbg 343 o CDF Run 11 Preliminary (200 pb ) /
0 T T T
1o d> E —— 5-Bi(G—>ee) limit(95% C.L.) ‘ . .
23. 45 ’6’/~\\ G-Br(G—>ee) PYTHIAX 13 3 EXtra- DI menS|0nS
o 1N ;’/ '6’/-\ 2 E 10 Randall-Sundrum Model /A
(5] N ))/ N 0
N 0
T S0 { )
- -1 0 .
Z 10 W 4 g ® Randall-Sundrum graviton model
‘@ ) 210t 4-dimensional metric multiplied by warp factor
10° 1 e exponentially changing with the additional dimension
m . - .
; 5 Generating a large hierarchy does not require a large r,
10 ) E 10'3 L
The coupling of individual KK states to matter is set by
10" : : - the weak scale (parameters : M. and k/M, o)
200 400 600 , 800 10° L , ‘ KK states can be observed as spin 2 resonances
Vv mass (GeV/c ) 200 400 600 800
Graviton mass (GeV/c 2)
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More complex signatures: Leptoquarks

Leptoquarks (LQ) are hypothetical particles
which appear in many SM extensions to
explain symmetry between leptons
and quarks

= SU(5) GUT model

= superstring-inspired models

= ‘colour’ SU(4) Pati-Salam model
= composite models

= Technicolor

= They couple to leptons and quarks of the
same generation
= Decay is governed by Br(LQ—ql)

Signature
LQ LQ — llqq 2 leptons+2jets BR = B2
LQ LQ — Ivqq 1 lepton+MET+2jets BR = 2 (1-8)
LQ LQ — vvaqg MET+2jets BR = (1-p)?
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Search for Leptoquarks at CDF

Signature: dilepton + jets, lepton + jets + MET, MET + jets
Analysis: counting experiment
5 A series of cuts is applied in sequence with the goal of
reducing the background (W/Z + jets and top)
enhancing the signal retention
Cuts are optimized to give the maximum S/B
Final number of events are compared with SM expectation
No excess -> limits on production cross section

£RSITy
N )'/
o

AFLAW

s .’."4.

T, o
REST L

Search For First Generation Scalar Leptoquarks =10 LQ3LQ3- brbr 95% CL ox F*[pb] limit .vs. L3 mass [
1 z - z z 7 e,' o = =.@-=-= exp. limits (single- and double-tags combined)
Nm_ ________________ ~———=e—— 0bs. limits (single- and double-tags combined)
.............................................................................................. >b< po NLO cross secton (31
Search For Second Generation Scalar Leptoquarks
_________________________________________________________________________________________ 1 1 o] [ Emorbana (p-1)
09 0 ......... lower edge of error band (=1-0. 5'F5P)
i o : "
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, i a\ i H
08 - [Te] 1 b g ;
: » L i S S § ;
................................................................................. 07 - ; e :
06 """ :
.................................................................................. i > =
05 - S 8 8’ ~~~~~~~
: DO preliminary Pl I
04 - : 1 H 0 [
- H l -
: L=1.05fb" [ A A B
03 - i i i =l
: i Lo Lo L Lo TR
02l 10°7"920 140 160 180 200 220
_r LQ3 Mass [GeV]
0.1
M CDF Run Il Preliminary,198pb"
. : : : L 1 L L I i i L
o A I I S R %00 120 140 160 180 200 220 240
CDF Run Il Preliminary,203pb™ Leptoquark Mass (GeVic®)
0 1 I 1 1 1 l 1 1 1 I 1 1 1 ] 1 1 1

100 120 140 160 180 200 220 240

Leptoquark Mass (GeVFc )
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More complex signatures: The Top Quark

Discovered in 1995 at the
flurry of measurements st

We still don’t know all about it

TeVatron,
ill ongoing

- Mass

- Top width ~1.5 GeV
- Electric charge %

- Spin -

- BR(t>Wb) ~ 100%

- Production mechanisms

Precision <2%
?

-4/3 excluded @ 94% C.L. (preliminary)
Not really tested - spin correlations

At 20% level in 3 generations case
FCNC: probed at the 10% level

Single Top : just observed

The LHC will offer opportunity for further testing
and precision measurements

3/3/10
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Top Quark Pair Production

Complex final state including leptons, missing energy, jets and heavy flavors
W decay mode is used to classify
the final state

He-e(1/81) Event count per jet bin

[++]
o

entries/jet bin

COmu-mu
1/81
o gatll-ta)u

- 1 CDF Il Preliminary 200 pb'1
— WW+WZ+27Z

(1/81)
Hle -mu(2/81) + Drell-Yan
He -tau(2/81) == + fakes

+tt (g, =6.7 pb)

Il mu-tau
2/81
m et

B
o
I

(12/81)
H mu+jets(12/8

n
o
1

w
=]
LLBLRLI
—

1)

D tau+jets(12/
81)

[Ojets (36/81)

=
=)
I

0 1 >2 N

o E
jet

Signal is well visible in = 2 jets bin

-Mass and CrossSection

-Wtb coupling

-Searches for H*—tb,t—=H"b
-Search for FCNC
-Forward-backward asymmetry
-M;; distribution

-Search for 4th generation top
-W boson helicity

SM

New Physics 7
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Top Cross Section Measurement

The cross section is measured in all final states: itis - : :
) ) 0,=6.8+0.6 pb (Kidonakis, Vogt)
the first step of any study of the details of top quark 0,=6.7+0.7-0.9 pb (Cacciari et al.)

properties.

CDF Run Il protemmary

B Coconn ot & v

DQ Run I * = preliminary July 2008
83Kt

I+jets & dilepton & tau+lepton®

Heo— 7.83
o

I+jets btagged & topological, PRL)

ams

7.42 2053046 2045 pb
I+jets (rom B -wWeyBR -Wa)r *052 4077 5 5o pb

dilepton (g % w43pb

letrack (v.tagges » pb

tau+lepton (v-tagged s pb

tausjets v g pb

alljets v taggea P . o

6 8 10 12
o (pp — tt) [pb)

o(pp — 1) =7.8+0.5+0.6+0.5pb
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Top Mass Measurement

Mass of the Top Quark (*Preliminary)
_ @

CDF-ll di-l - 167.4+10.3+4.9
DO-I di-I 168.4 £+12.3+ 3.6
‘CDF-Il di- 171227+ 29
. ) ——

DO-ll di-l 1744+ 32+ 2.1
CDF-l I+ 176.1£5.1+£ 5.3
DO-1 1+ 180.1£3.9+ 3.6
"CDF-Il I+ )1

j 1722+13+1.0

. ) -@-

DO-lla I+ | § 171.5£15+15
‘DO-IIb 1+ 17‘3.0 +13+1.7
CDF- all- 186.0£10.0+£5.7
‘COF-Il alkj 1769+ 26+ 3.3
‘CDF-Il trk 1756.3£6.2+ 3.0
‘Tevatron July'08 1724+ 0.7 + J .0

(stat.) * (syst)
1 ¥’/dof = 6.9/11.0 (81%)
|
150 160 170 180 190 200
M,, (GeV/ic)

6”120? ~ ':‘SAGOV AL B LR R LN B BB B BB
30V UnNce BoAmlexperimental errors 68% CL: _
] A (5) _ LEP2/Tevatron (today)
9] 3 1 —0.02758:0.00035 “ 80.60[- -
%% - 0.0274940.00012 _
- " - >
4 % 1 ** incl. low Q° data ; - & sosor MSSM|
- = S A [l
* 3 ; =
3 : s
o 1 3 80.40
=8 \
% 80.30 I
2 A - I . MSSM I
80.20 [ both models EIEE]
- . Hellnemeyev, Holllk.lstoclungev. Webj:v, Weiglein 08]
i e e e
1 : m, [GeV]
| % g |
0 Excluded N S Prell'mlnary |_|ght H|ggs preferred
30 100 300
m,, [GeV]

mu <154 GeV @ 95% C.L.

m=172.4+0.7+ 1.0 GeV

0.7% precision!
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- will be a legacy to LHC
for the calibration of the
jet E scale of the Atlas
and CMS detectors
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TeVatron Status

The Tavatron is the world highest energy “proton-antiproton” collider ....

Integrated Luminosity 7754.42 (1/pb)

- ~ - -l g P 8,000
about 30 miles west of Chicago, IL i
g m- Ma oy . o= . T8 el ‘N 5,500

Dbty = o — 6,000
B 5,500

w Feb 2010

:
Y

: 4,000
Y
= bl

F ot 3,500

3,000 =
- .

—— - ® Bmny 5 2,500
C— g

- - £ 2,000
"‘ . 1,500
- - 1,000 /
= ’ 500 —
0 poo -
2002 2003 2004 2005 2006 2007 2008 2009 2010

tegrated Luminosity (1/pb)

.
n

m Fiscal Year 10 e Fiscal Year 09 « Fiscal Year 08 « Fiscal Year 07 = Fiscal Year 06
v Fiscal Year 05 =« Fiscal Year 04 » Fiscal Year 03 1 Fiscal Year 02




The Search for Higgs

In quantum field theory, the Higgs mechanism is the way by which the massless

gauge bosons in a gauge theory acquire a mass by interacting with a background
Higgs field.

The standard model of particle physics uses the Higgs mechanism to give all the
elementary particles masses.

The Higgs particle has never been observed so far. Its mass is unknown

Sensitivity Projection (Region favored by M,,,, My, ... meas.s)

0.9
0.8
0.7
0.6
0.5
0.4
0.3 '
0.2
0.1

mina
—-— Analyzed l,%=10 fb";#Exp :
| i Analyzed L=5 fb /Exp

Probability of 3¢ Evidence

+ ) XX

110| 120 130 140 150 160 170 180 190 200

Search Tor th Higoas Particle
Statun ax of Marc 2009

100
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Higgs Production and Decay

SM Higgs
Different production mechanisms
Large backgrounds

1.0}

Production
gg—H

|
Cross section (pb)

= Low Mass Higgs
= H—=bb, QCD bb background overwhelming

= Use associated production to reduce
background

= H—>WW-—lvlv decay available - |

= Take advantage of large gg—H
production cross section

Excluded by LER

Branching ratio

0.1

10°2

Fichuded by LEP

N

103V - ) RN i
100 120 140 160 180 200
(GeV/c?) 40
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The Tools: MVA

In order to maximize sensitivity

* Neural Network (NN)
— Well known technique.

» Boosted Decision Tree (BDT)
— Relatively new.

— BDT is fast
-> can handle more inputs. Major Inputs
. - Dijet mass
* Matrix Element (ME) - Pt of dijet
— Event probability can be obtained by integrating ME. :‘évpp;éﬁgtty
— Input is 4 momentum vector for each objects. -gxn
— Need huge CPU power. - ARj, Agjj, Anj

These three approaches are often combined by Neural Net / BDT.
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Many analyses

CDF Run Il Preliminary, L=2.0-4.8 fo™

E L I LU | LI | LI | L | L I LI I L | L I L
N - ———  WH+ZH-jjbb 2.0 b™ Obs ———  WH+ZH-bbMET 36 fb™ Obs -
P 3 LEP - WH+ZH-jibb 2016 Exp ~ ----- WH4+ZH—bbMET 3.6 fb™! Exp
=10 " | Excl. ——  Hou20f" Obs ———  WH-lvbb431b" Obs —
g T Hot20" Exp 0 ----- WH-sIvbb 4.3 b Exp ]
| - ———  ZH-lbb4.11b™ Obs ——  HoWWlowMI481b" Obs
- R T ZHolbb 41 i Exp 0 ----- HoWW lowMll 4817 Exp | .
I [ -1
o | P st ] Both Tevatron experiments
) 0 S . - HWW SS 48 1" Exp
o P —— H-WWO0S48ib" Ob I
010 “ | T T e 4 are extremely active!
o B T L = Combined Obs Pt
i '/' ----- Combined Exp .~ -

1

-
-
------
---------

10 3 A T /e

-

-

- ~
-

- --------.-...-.:
.......
1 SM=1

- NOV mber 6, 009 -1 g Observed 20 lor| median 1o 20
o b b b b by b 1?1 Ll L1 (GeV /c?) | limit /SM | expected |expected | expected | expected |expected
100 2.58] 1.02] 1.38 2.01] 2.81 3.92
100 110 120 130 140 150 160 170 180 190 200 .- 262 110 143|200 201 411
2 110 2.88 1.10 1.54 2.14 3.06 1.43
mH (GEV/C ) 115 3.12 1.23 1.65 2.38 3.38 4.74
120 3.37 1.37 1.02 2.72 3.87 5.43
125 3.03 1.50 2.01 2.84 1.05 5.80
130 3.80 1.49 2.02 2.02 116 5.80
135 3.80 1.33 1.83 2.66 3.81 5.22
140 3.53 1.24 1.75 2.51 3.60 1.95
145 2.66 1.15 1.58 2.21 3.10 1.61
150 2.26 1.02 1.38 1.92 2.86 1.05
155 1.75 0.87 1.17 1.70 2.30 3.30
160 1.23 0.69 0.90 1.31 1.84 2.44
165 1.18 0.65 0.87 1.19 1.73 2.38
170 1.60 0.77 1.03 1.45 2.06 2,97
175 1.68 0.94 1.25 1.76 2.52 3.46
180 2.09 1.08 1.52 2.08 2.95 4.22
190 3.75 1.82 2.37 3.31 4.74 6.80
200 6.52 2.38 3.36 4.66 6G.64 9.30
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Current Exclusion Limits

Tevatron Run Il Preliminary, L=2.0-5.4 fb™
B A l“w K

IITIIIVIVIIIIII

1 IITITIIIII
Tevatron

: v"l""l"“l‘_“'
. LEP Exclusion | _
. , v Exclusion
Xpecte
Observed /

+1c Expected
+2c Expected

95% CL Limit/SM
o
I

1
i ‘ _ " November 6,2009
100 110 120 130 140 150 160 170 180 190 200
m,,(GeV/c?)

HCP 2009 Higgs Combination with L=2.0-5.4 fb-1
(95% C.L. exclusion for SM Higgs with mass m,
between 163 and 166 GeV/c?)
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Higgs Projections at final RunII

= Goals for increased sensitivity achieved

= Expect large exclusion, or evidence, with full Tevatron

Expected Limit/SM

(S
KN

(S
()

(S
o

dataset and further improvements.

m,=160 GeV
— Summe{ 2005 Ch::mnels 2xCDF Preliminary Projection, m =115 GeV
——  Summer 2006 Channels . = - ' ' ' - ‘ - Py re
? ............... : o— summer 2005 .............. .
—— Summer 2007 Channels g : ——  Summer 2006
——  Winter 2008 Channels g —— Summer2007
—— 1CHEP 2008 Channels ° — January 2008
©10 i —— December 2008 S—
With Improvements g v 7] With Improvements -]
_ Q
: : i
Run Il Preliminary
1}
i i i i i i .
4 6 .8 10 12 414
Integrated Luminosity/Experiment (fb™')
0 1 2 3 : 5 6 7
Integrated luminosity/Experiment (fb™")
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The next frontier:LHC

TOTEM (integrated with CMS):
pp., cross-section, diffractive physics

A\

ATLAS and CMS :
general purpose |

27 km LEP ring
1232 superconducting
dipoles B=8.3 T
Here:
ATLAS and CMS
LHC design parameters:
e pp collisions at Vs=14TeV
':':o':" L=1034cm2s"
LHCb :
pp, B-physics, CP-violation ¢

LHC operations:
pp collisions at vs = 7 TeV

L = 1030-32 Cm-ZS-l

After much delay the LHC is finally starting
CM energy a factor of 2 lower than design (7 TeV) until end 2011
- Physics reach reduced
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Top production at the LHC

Production: o,(LHC) ~ 830 £ 100 pb

Cross section LHC = 100 x Tevatron

gw L g oorIT—+— Background LHC = 10 x Tevatron
Y
g ¢ g vowprt——

q q
W
b
t
e, u/
// b
Y
L+jets (I=e,n) is the Golden channel

- 2.5 million events/year
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Top quark physics with b-tag at ATLAS

LHC is a top factory === Seeing top is easy

Selection: High P; Lepton
Large Missing E;
4 high-P; jets (2 b-jets)

- signal efficiency few %
- very small SM background

¢ ‘Standard’ Top physics at the LHC:
- b-tag is important in selection
- Most measurements limited by
systematic uncertainties

e ‘Early’ top physics at the LHC:

- Cross-section measurement (~ 20%)
- Decay properties

L =10%cms?®  ~1 tt pair/s
LHC is a top factory

o_=6.7pb Tevatron
L=10"cm’s® ~10° tt pair/s

.| $/B=0(100)

100

Number of Events
[e-)

H »
o o
II\|\I\|\I\|I\I‘III‘I\I

20

coa Ly o | I ] | Ill 1N |||\||Ww%ﬂm

350 400

oO
a
o
-
o
o
-
an
o
N
(=}
o
N
(<)
o
w
(=}
o

Top mass (GeV)
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Top quark physics without b-tag (early phase)

Selection
= semileptonic top: p(lepton)>20GeV/c, missing E.>20GeV
= ho b-tagging required
= hadronic top: N,,>4, p;(jet)>40GeV/c (0.4 cone algorithm)

= 3 jets with highest vector-sum p. identified as top
= of these, 2 leading jets in 3-jet rest frame identified as W

| A top peak can be seen without b-tag requirement I

120

w- # [=300pb-l %

full simulation
W+jets and
MC@NLO signal

ner-p»

400

; 80
300F i

200

events/5.1GeV/c?

100;

|M,;-M,,| <10GeV/c? 2

100"150° 200 250300 350 400 450 300 4080 B0 100 120 740 06150306256 306" 350 2004505
M, (GeV/c?) My (GeV/cz) M, (GeV/c?)
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Top quark pair production as calibration tool

-

in complex event-topologies

. .
------------------------------

- =

- A candle for complex topologies:

® Calibrate light jet energy scale
® Calibrate missing E;

® Obtain enriched b-jet sample
® Leptons and trigger

You can use production of top quark
pairs to help calibrate LHC detectors

-------------------------------

-------

lllllll

Y

jet

Missing '

energy

jet

.
e
.
o
.

b-jet

ostt
.
o

-jet

Note candles: 2 W-bosons
2 top quarks
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A window to new physics ?

= 0
] o
T

Cross section (a.u.)
>

Entries/50 GeV

200

25 — A

- 1.6 TeV
[ resonance

Resonancé

pp —~ X

Z', Z,, G
SUSY, ?

1000

2000

Reconstructed m,, (GeV)
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Structure in ME

Interference from MSSM Higgses H,A
- tt (can be up to 6-7% effect)

i
o
e
Y
LLLLLE
|

e -
Like-sign tt ?
FCNC decays: GIM suppressed in SM, can
be enhanced in SM extensions
q=u,c t>2Zq t>va t>9q
BR(L=10fb™?) 3.410™ 6.610° 1.4'1073
BR(L=100fb1) 6.5'10° 1.8'10°5 4.3-10™*
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LHC: Inclusive Jets

d’c/dx, dy (pb)

ratio

PDF sensitivity:

18 . inclusive jet production > compare jet cross section at fixed
105 Xt = 2 pt / sqrt(s)
}8: Tevatron (ppbar)
102 >100x higher cross section @ all x;
10 >200x higher cross section @ x; >0.5
101 ; LHC (pp)
18 W Tevatron sqifs)1.96TeV = need more than 2400 fb1 luminosity
10 f =ees LHC sare-14TeV to improve Tevatron@12 fb!
0 k. ; L = more high-x gluon contributions
. i AR N = but more steeply falling cross sect.
at highest p; (=larger uncertainties)
= Poorly constrained JES uncertaintyin early
data impact (5-10% for jets below 1TeV)

will seriously limit the physics potential of
the data (D. Clements, DIS 2007).

—> Tevatron results will dominate high-x gluon for some years
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LHC: early discoveries?

4
/ — ee
Mass Expected events for 10 fb? | JL dt needed for discovery
(after all cuts) (corresponds to 10 observed evts
1 TeV ~ 1600 ~ 70 pb?! 1400 -
1.5 TeV ~ 300 ~ 300 pb!
2 TeV ~ 70 ~ 15 fb!
p 1200
ATLAS, 10 fbt,
barrel region
10?F g 1000 -
Il =
2 s00
LY ) =
| E
10} ) .
m .
J one week
1 - ] - @1033 —

T YYI

L

600 800 1000
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1200 1400 1600 1800
M/Ge¥8

200

JL ét = 1, 10, 100, 30D fb=
A= tanB=35p>0

E 300 ")
w123

~“cosmologically plaus
region

Fermilab reach: < 500 GeV

L

o
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m, (GeV)

1000 1500 2000

one year

/@1034
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@1033
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@1033

ble

0029+
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LHC: Higgs?

Light Higgs Boson

b t HO 5 wz 9 - .z - : -
9 t Mo
t q z 5 e 3 t
ggfusion WW. 22 fusioe @ W. Z tremsstrahiung

17 fusion
pb ) ) ) ' Opp—+H+X) [pb] 103 Tevatron
"IN\ pb “p— H e ) oo
. — | = 175 . o Vs = 2TaVv
N N M- 1759 o(LHC)/ o Tevatron): [ £
Mo ~70gg — H g
VEooN, e~ | ~ 60 qqH — qqH . ——
0" R qq —HW ;o.;'nmi ] ~ 100 ttH o ’T‘ o '...-- ———
] ~10 qq ~WH/ZH o . S
0" [ ~ fOl" mH(ZOO GeV w g o MZ T
0" [ - : e N
oM
lil‘ 4 - 4 + - + - 4 s 'o" PP TP TP SR S
0 200 400 wn 00 1000 80 10 120 110 180 180 20
M" |GeV) u” (GQV/Cl)

Tevatron Main Search Channels | LHC Main Search Channels
——

my, ~115 GeV <ﬁ4—» lvbb H — vy, qqH — qqre

H — wvbb, llbb ttH—> lvbbX
(' H — WW-> lvlv,H—>ZZ*—4,

my~160GeV |H—
qqH— qqWW— qqlviv

Large backgrounds at the LHC -/ \ Cross-sections too small at the Tevatron
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LHC: Higgs below 14 TeV

vs (TeV)

Combination of 0j and 2j, H to WW to |l - . -
8 — 130Gf, ! = Oj, Hto WW to en 117"
- P = eV o o i eu only
2 1fb m,, = 150 GeV a A~ =
§ = m,, = 160 GeV v ~ = -
= 6 = 160 GeV = . —1oL ! With 1 fb- exclude
& st : =R 150-180 GeV for
» o= . : >
o . . - o : . .sqrt(s) 8 TeV
3 -~ z »” : - - -
e . - - =130
2 o - @ . - - = . «140
a - - - . - « 180
e .. . \ —'
1 4 " " PR " " PR 2 A,J71‘1,A‘A71‘4,L,A71‘4,;,4,1,;,‘,4,1,;,‘,;,L;,A,A,l,‘Lt‘z,
: SN S | T I 1\ 2 a e e 10 12 1a
\s(Tev) % Vs (TeV)
Combination of 0j an ‘ to ll — )
e Oj, HtoWW o ll =100 Gev
g T 1w’ A 2 g0 .
8 . = F Lumi. Needed
= 08 : = to match Tevatron
4 - = sensitivity at 160 GeV
@ 06 s = 130 GeV -
= - :::" 150 GeV : — -
o X m,, = 160 GeV ¥ > < >
30.4 - m,, = 170 GeV * = -
REBEN :
' e | |
0.2
o SP‘[e FPTY PRUTE PRDTT PRPPE PRDT PPPTT PPDTT PRTETT DI T
- ) \}\1 4 5 6 7 8 9 10 11 12 13 14
e QLA
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Conclusions

- cendays af the SppS we have
the TeVatron \A N&re
= \\7‘“-

-
.-

from testing the




“ATLAS explorés...

-wwhere quarks and gluons collide....

- where forces unify..

where extra dnmens-“ may IUI:‘:--- -
where dark matter reigns... * =

-

to find the truly Fundamental-

the ATLAS Experiment

CERN Geneva, Switzerland

3£ nonons ot the CTEIRN - Genevo, Swaxeddond. W il &
. - This poster is owvoloble rom The ATLAS ssotee imoge s ©
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Physics Processes Relative Cross Sections

_ SUSY and Background Cross-Sections )

2 10
10’
1
1o Jets
10
0 Bottom
0
101
10
10
W/Z
10 —
10
; LQ SUsY
o i
To rk
10 4
10
10
sleptons
10 :
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Efficiency and Acceptance

= Detectors are not perfect

hermetic
Components failure
Over time degradation

= Geometric acceptance

Less than 4n coverage

Certain components only extend
up to to certain angles

= Silicon tracking

zzzzz

= Detection Efficiency
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Trigger

Reconstruction

Identification

= [wi

Tracking Efficiency

Tracking efficiency / 0.1

— n = — In[tan(30)]

0.8

0.7

0.6/

0.5
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0.2f
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ot

x Combined
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L1 Eff. vs. Eta [CMX]
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TeVatron Top Mass, March 2007

Mass of the Top Quark (*Preliminary)
Measurement Mtop [GeV/cz]
CDF-1 di-| o}~ 167.4 = 11.4
D21 di-l ¢ 168.4 = 12.8
CDF-Il di-| —0— 164.5 = 5.6
Do-Il  di-I* —-io— 1725+ 8.0
CDF-l |4 1@ 176.1 + 7.3
IDZ-1 14 —0— 180.1 = 5.3
CDF-Il I+* Q 170.9 = 2.5
Dl 14" o 1705+ 2.7
CDF-I all- : o 186.0 = 11.5
CDF-II all-* ne 1711 = 4.3
CDF-II Ixy o 183.9 = 15.8

x?/dof = 9.2/10
Tevatron Run-I/II* + 1709= 1.8
150 170 190
Mg, [GeVic?]
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